Nitrous oxide, a potent greenhouse gas and ozone-depleting molecule, continues to accumulate in the atmosphere as a product of anthropogenic activities and land-use change. Nitrogen oxides are intermediates of nitrification and denitrification and are released as terminal products under conditions such as high nitrogen load and low oxygen tension among other factors. The rapid completion and public availability of microbial genome sequences has revealed a high level of enzymatic redundancy in pathways terminating in nitrogen oxide metabolites, with few enzymes involved in returning nitrogen oxides to dinitrogen. The aerobic methanotrophic bacteria are particularly useful for discovering and analysing diverse mechanisms for nitrogen oxide production, as these microbes both nitrify (oxidize ammonia to nitrite) and denitrify (reduce nitrate/nitrite to nitrous oxide via nitric oxide), and yet do not rely on these pathways for growth. The fact that methanotrophs have a rich inventory for nitrogen oxide metabolism is, in part, a consequence of their evolutionary relatedness to ammonia-oxidizing bacteria. Furthermore, the ability of individual methanotrophic taxa to resist toxic intermediates of nitrogen metabolism affects the relative abundance of nitrogen oxides released into the environment, the composition of their community, and the balance between nitrogen and methane cycling.
Introduction
Since the invention of the Haber-Bosch process in 1908, the anthropogenic contribution of reactive nitrogen to the biosphere has exceeded that of natural sources [1] . This rapid increase in an essential, and often limiting, nutrient has resulted in unprecedented accumulation of reactive nitrogen species in terrestrial, aquatic and marine ecosystems, as well as into the atmosphere. Microbial metabolism is almost exclusively responsible for transforming ammonium nitrogen into a variety of nitrogen oxide intermediates and returning them to inert dinitrogen. It is the leakage of these reactive intermediates into the environment that elicits the greatest concern; for example, nitrate leakage into ground and surface waters, leading to eutrophication and hypoxia in coastal ecosystems, and emission of nitrous oxide from agricultural soils, leading to global warming and destruction of stratospheric ozone.
In a recent analysis, rapid environmental changes brought about by human activities, such as ocean acidification, climate change, ozone depletion, land-use change and freshwater use, were measured in terms of how they affect continued sustainability of the biosphere. Only biodiversity loss and alterations to the nitrogen cycle were plotted far outside the realm of sustainability, leading to a change in geological epoch from the stable Holocene to the newly coined 'Anthropocene' [2] . The realization that humans are now primary drivers of nitrogen biogeochemistry has led to speculation and suggestions for how Earth and human lifestyles must now change in this era of reactive nitrogen excess [3] [4] [5] [6] .
As we continue to experience an ecological epiphany, and with over a century of scientific research on microbial nitrogen metabolism, we continue to lack a complete understanding of how, when and sometimes why microorganisms transform nitrogen between its many redox states. In other words, although we have learned to record changes, we are mainly clueless about how the processes involved are regulated. Fortunately, we are simultaneously experiencing an era of rapid genome sequencing that has enabled an equally rapid growth in our understanding of metabolic pathway diversity and genome evolution. In addition, increasing numbers of datasets on transcriptome structure have provided the information required on molecular regulation.
OMeGA (Organization for Methanotroph Genome Analysis) is a large international research collaborative that has isolated and genome-sequenced over 30 aerobic methanotrophic isolates under the auspices of the U.S. Department of Energy Joint Genome Institute Community Sequencing Program (http://www.jgi.doe.gov/CSP/overview.html). Analysis of these genomes is revealing physiological and evolutionary underpinnings of aerobic methanotrophy, as well as ancillary activities of this ecologically important group of bacteria. Accumulating sets of genome sequence data are validating the previously hypothesized close evolutionary relationships between aerobic methanotrophs and ammoniaoxidizing bacteria beyond the well-known homology of their copper membrane mono-oxygenase enzymes [7] [8] [9] [10] . Because aerobic methanotrophic bacteria do not rely on either nitrification or denitrification for growth, they offer a unique and powerful experimental system for investigating diversity and regulation of pathways that produce and release nitrogen oxides to the environment.
Functional redundancy in nitrifying and denitrifying pathways
Nitrogen oxide intermediates are produced and released by three main processes, i.e. nitrification, respiratory denitrification and aerobic denitrification, distinguished from one another by differences in electron donors, redox potentials and whether the process is coupled to the production of protonmotive force [11, 12] . Nitrous oxide produced by chemolithotrophic ammonia-oxidizing bacteria occurs either through the oxidation of hydroxylamine (nitrification-dependent N 2 O production) or through the aerobic reduction of nitrite (nitrifier denitrification) [12] . Respiratory denitrifying bacteria couple the oxidation of organic carbon or inorganic electron donors to the reduction of nitrate, nitrite, nitric oxide and often (but not always) nitrous oxide. Nitrogen oxide intermediates can be released along this classical (canonical) denitrifying pathway depending on a number of environmental and physiological variables [11] . Aerobic denitrification can either be respiratory, i.e. micro-organisms couple reduction of nitrogen oxides to the production of protonmotive force [11] , or occur in response to low oxygen and high nitrate/nitrite availability, perhaps to assist with slowed electron flow through the aerobic respiratory chain [12] . Unlike respiratory denitrification, most characterized aerobic denitrification pathways terminate with the production of nitrous oxide [12] . Whereas nitrification is considered an obligate aerobic metabolism and respiratory denitrification is generally an anaerobic metabolism, aerobic denitrification is a relatively understudied process that occurs under fully oxic to hypoxic conditions, is not always connected to production of protonmotive force, and contributes significantly to production and release of nitrogen oxide intermediates into the environment [13] .
The characterized enzymology for nitrification and denitrification entails a large level of functional redundancy (Table 1) . This is perhaps not too surprising as a great diversity of micro-organisms contribute to both processes [12, 13] . Furthermore, genes encoding enzymes involved in nitrification [14, 15] and denitrification [16, 17] have legacies of lateral transfer, leading to rather broad phylogenetic distributions. Interestingly, the smallest level of redundancy is in enzymes that reduce nitrous oxide to dinitrogen, a crucial step for returning reactive nitrogen to its inert form ( Table 1) .
The field of molecular microbial ecology has extensively employed many of the enzyme-encoding genes listed in Table 1 as markers for nitrifying and denitrifying microbial communities and processes [18, 19] . However, some of these enzymes, such as the copper-containing nitrite reductase NirK, are extremely diverse [20] and can participate in multiple processes. For instance, NirK is the dissimilatory nitrite reductase in the denitrifying pathway of several Alphaproteobacteria [21] , but also assists in efficient conversion of ammonia into nitrite in the aerobic ammoniaoxidizing bacterium Nitrosomonas europaea [22] . Indeed, the ubiquitous presence of nirK gene homologues in obligate aerobic ammonia-oxidizing bacteria [16] and thaumarchaeota [20] suggests further a pivotal role of NirK in nitrifying in addition to denitrifying processes. This observation necessitates recognition that enzyme function and pathway evolution cannot be oversimplified or compartmentalized to specific processes. Methodologies that do not rely on pre-selection of specific biomarkers, such as meta-omics, could perhaps foster a better correlation between multiple gene markers (enzymes) with their cognate pathways and processes.
Genome-inferred nitrification and denitrification pathways in aerobic methanotrophic bacteria
Aerobic methanotrophic bacteria oxidize methane to carbon dioxide for energy generation and growth, yet have extensive pathways for assimilatory and dissimilatory nitrogen metabolism and detoxification [23] . The oxidation of ammonia to hydroxylamine, and also methane to methanol, by both aerobic methane-and ammonia-oxidizing bacteria is a characteristic of their homologous copper membrane monooxygenase enzymes [9] . Since hydroxylamine is a highly toxic intermediate, methanotrophs, like ammonia-oxidizers, rely on mechanisms to quickly remove it. The difference is that ammonia-oxidizers have evolved the ability to relay electrons from hydroxylamine oxidation, via co-ordinate regulation of HAO (hydroxylamine oxidoreductase) and two c-type cytochromes, to the quinone pool to drive energy production and cellular growth [9] . Methanotrophs lack this relay and do not grow from the oxidation of ammonia or hydroxylamine. Even so, many methanotrophs express homologous genes that encode HAO or cytochrome P460, as in aerobic ammonia-oxidizing bacteria, whose translated products oxidize hydroxylamine to nitrite [15, 24] (Table 2 ). The fate of the electrons from hydroxylamine oxidation in methanotrophs remains unknown; however, it has been proposed that they could be used for the conservation of protonmotive force by dedicated transfer to protonpumping haem-copper oxidase complexes [10] . A distinct detoxification mechanism by some methanotrophs is the reduction of hydroxylamine back to ammonia, perhaps through use of hydroxylamine reductase enzymes [25] (Figure 1) .
Although the HAO of methanotrophic bacteria has yet to be purified and its hydroxylamine-oxidizing activity biochemically validated, the encoding genes (haoAB) are induced by ammonium in both Methylococcus capsulatus strain Bath and Methylomicrobium album ATCC 33003 [8] . Ammonium also induced expression of the cytS gene, Reduction of nitric oxide to nitrous oxide cNOR, qNOR, many others Reduction of nitrous oxide to dinitrogen NosZ § *Ammonia-oxidizing archaea and some methanotrophic bacteria can generate nitrite from the addition of hydroxylamine in the absence of a HAO homologue; the enzymes have yet to be identified. †Some methanotrophic bacteria have these activities, but lack recognizable nitrite and nitric oxide reductase homologues in their genome sequences. ‡The ability of HAO to form and release nitric oxide occurs in vitro [38] ; however, the in vivo mechanism is not yet resolved. §NosZ is the main enzyme involved in this process; however, other proteins have been characterized with this enzyme activity. *cytP = cytochrome c -alpha (pfam01322). †MetXXXX = locus tag in respective draft genome accessible in GenBank ® files; i.e. Met49242DRAFT_XXXX (AEVM01000000).
encoding cytochrome c -beta, which is implicated in binding and detoxification of nitric oxide [26] . The cytL gene, encoding cytochrome P460, was not induced by ammonium, suggesting that it does not play a crucial role in ammonia oxidation, at least in M. capsulatus Bath [10] . As shown in Table 2 , the presence of genes encoding putative HAO, cytochrome P460 and cytochrome c -beta (or the related cytochrome c -alpha) do not always coexist in the same genome. Thus the gene inventory in methanotrophic bacteria for handling hydroxylamine and other toxic nitrosating intermediates is diverse and unpredictable by phylotype or taxon.
The same unpredictability of gene inventory within methanotroph genomes can be seen with those encoding putative denitrifying enzymes ( Table 2 ). Whereas some methanotrophs encode homologues of nirS or nirK nitrite reductases and/or norCB nitric oxide reductase, others lack one or both of these genes. We are currently investigating the conditions required for expression of denitrification genes and correlating expression with the ability to reduce nitrite and/or nitric oxide. We also anticipate the discovery of novel nitrite and nitric oxide reductases, as some methanotrophs lack recognizable gene homologues yet are capable of reducing nitrite to nitrous oxide (K.D. Kits and L.Y. Stein, unpublished work).
Interestingly, even though Methylococcus capsulatus strain Bath lacks a nirK or nirS nitrite reductase gene homologue, this strain is still capable of reducing nitrite to nitrous oxide, but only in the presence of both ammonium and nitrite [8] . In addition to enhancing expression of HaoAB, ammonium also led to increased expression of a truncated haoA transcript whose expression product lacked the cross-linking tyrosine residue responsible for formation of the trimeric HAO enzyme complex [10] . This truncated haoA transcript was predicted to encode a polypeptide that dimerizes into a mirror-symmetrical octahaem nitrite reductase. As for the nitric oxide reductase, the presence of nitrite increased expression of the norCB transcript of M. capsulatus Bath [8] . Taken together, the reduction of nitrite to nitrous oxide by this bacterium probably occurs using the HaoA nitrite reductase and NorCB nitric oxide reductase, and hence relies on both ammonium and nitrite to induce the pathway [8] . This is one example of a novel mechanism for reducing nitrite to nitrous oxide that was not immediately predictable by simple examination of the gene inventory, and also reiterates that single enzymes (genes) can function in both nitrifying and denitrifying processes.
Physiological studies of nitrogen metabolism in aerobic methanotrophic bacteria
Genomic analysis has provided an abundance of hypotheses regarding nitrifying and denitrifying pathways in aerobic methanotrophic bacteria (Figure 1) , each of which requires extensive experimentation to demonstrate expression and functionality. Already, physiological studies are revealing NirB assimilatory nitrite reductase; g, methanol dehydrogenase; h, formaldehyde dehydrogenase; i, formate dehydrogenase; j, enzymes of the serine or ribulose monophosphate pathways (see [23] and references therein for overview on methanotropy). diversity in expression and relative strength of pathways common to multiple isolates. For instance, the kinetics of ammonia oxidation to hydroxylamine and hydroxylamine oxidation to nitrite by four methanotrophs showed a high level of variation, and one isolate was incapable of either activity [27] . Each isolate also showed variation in tolerance to ammonium, from competitive inhibition of methane monooxygenase (see overlaps between ammonia-and methaneoxidation pathways in Figure 1 ), and to nitrite as a toxic end-product. Two of the isolates, one with high tolerance to ammonium and one with high tolerance to nitrite, were grown in co-culture to determine which would compete best under conditions of excess ammonium or nitrite [28] . The isolate with high tolerance to nitrite was more competitive overall, and also had the ability to reduce nitrite to nitrous oxide, unlike the isolate with low nitrite-tolerance. This observation raises the possibility that methanotrophs with active denitrifying pathways are more competitive in nitrogen-saturated ecosystems than those lacking this capacity. Several studies do show enrichment of specific methanotrophic phylotypes with high nitrogen loading [29, 30] , and studies from landfills show strong correlation between the presence of certain methanotrophic taxa and outward flux of nitrous oxide [31, 32] .
Conclusions
There remains some question as to whether high nitrogen loading leads to an overall increase in methanotrophy, as observed in rice paddies [33] , or to a decrease, as observed in well-drained soils [34] [35] [36] . One can conclude that, as long as methane flux is high enough to support high rates of growth, ammonium can act more as a nutrient than as an inhibitor and strengthen the biological methane sink [37] . The implication of ammonium as both a nutrient and competitive inhibitor is that methanotrophs must simultaneously regulate assimilation of ammonium nitrogen, cope with competitive inhibition of methane monooxygenase, and handle hydroxylamine and nitrite toxicity when ammonia oxidation is favoured. The diversity of nitrifying and dentrifying gene modules within individual isolates (Table 2) indicates an abundance of lateral gene transfer events. Consequently, the enrichment of specific methanotrophc taxa in nitrogen-affected ecosystems suggests fierce competition as the bacteria attempt to maintain or overtake their niche in the face of increasing nitrogen loading.
As we continue to uncover new pathways and understand regulation of nitrogen oxide metabolism, we may eventually understand how ecosystem nitrogen excess is affecting lateral gene transfer events, including natural reservoirs for genes involved in nitrogen transformations that confer resistance of micro-organisms to reactive nitrogen. Understanding nitrogen transformation processes at the molecular level may also allow insight into how micro-organisms are adapting to reactive nitrogen at the ecosystem level, which is a crucial step towards mitigating further release of nitrogen oxides to the environment.
